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INTRODUCTION

Gasification, devolatilization, combustion and other coal conversion processes
are quite complex, involving numerous, not well defined reactions, and simultaneous
physical structure transformations. In order to describe these phenomena, several
efforts have been reported, based either on empirical kinetic expressions (1.5) or
on theoretical models (6-12). In the former, rate expressions are given in terms of
volatile species, residual and active carbon, andreactant gas concentration or pres-
sure, Theoretical models attempt tocouple reaction rates with mass and heat trans-
fer processes. The various models, however, differ significantly fromeach other,
because of the diversity of the chemical and physical phenomena which they describe
(e.qg. pyrolysis, combustion, steamgasification etc) and the differences in assumpt ions
and simplifications involved in each one.

Fast coal processes, such as oxygen combustion, rapid pyrolysis and devolatiliza-
tion areusually considered toproceed via ashrinking core model, either isothermally
or non-isothermally (6-11). Mass transport limitations are often assumed to occur
vithin areacted shell, surrounding acoal particle (6-7). The pore structure of the
reacting particles is considered unchanged, inmost of these models (6-9), although
the effect of pore size distribution has been examined (8).

Structural variations of coal with reaction time have been included in few models,
such as in hydropyrolysis. of softening coals (10), in coal-oxygen reactions (11) and
in char gasification (12). In a comprehensive analysis of coal combustion models,
Sotirchos and Amundson (11) considered only the macropores of coal. Thus, local
conversion and pore .structure depended only on the thermal gradients at various total
conversions. Lee- at al. (12) developed a char gasification model, in which Knudsen
diffusion (in the micropores), as well as pore structure variations due to carbon
consumption, were included. However, onlyone reaction was considered totake place,
vith CO2 as agasifying medium. This model simplifies the reaction netvork, ignoring
the participation of an active carbon species and also the product mass transfer and
the reactant accumulation. These simplifications yield ananalytical solution, at
pseudosteady state conditions.

The model proposed here considers the physical and chemical processes occuring
in agasifying .single particle and correlates the predicted results with experimental
macroscopic data. An active carbon species isassumed (13) toreact in two parallel
steps toform a gaseous product or stabilized char (coke). Reactant and product dif-
fuse in and out of the particle while the local micropore structure can vary due to
carbon reaction and consumption. The model permits estimation of the local radial
distribution of reactant and product concentrations, reaction rates, surface areas
and porosities with time. Global properties, such as product yields, surface area
and porosity are alsocalculated, for comparisonwiththe corresponding experimental
quantities. The model is applied here to coal hydrogasification, a process which
has received less attention compared with steam or CO2 gasification.

FORMULATION OF THE MODEL

A single spherical lignite or coal particle, of radiusr, isconsidered to undergo
hydrogasification, after initial rapid devolatilization. During thisinitial stage,
a measurable, uniform pore structure, and an assumed hydrogen profile have developed
vithin the particle. The .following assumptions apply to the model formulation:

- Isothermal reaction in a uniform, constant hydrogen atmosphere.
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- Constant particle sizé, with uniform radial pore structure distribution initial-
ly (t=0).
- Negligible film diffusion resistance around the particle,
- Predominantly micropore structure.for the particle.
Char hydrogasification involves an active carbon species, which, with hydrogen
yields methane, or by crosslinking results in coke faormation and carbon stabiliza-
tion:
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From available rate expressions for CH; and coke formation (13), the instantaneous,
local reaction rates within the particle are given by Equations 2 and 3.
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Reactant (H;) and product (CH4) counter diffuse through the porous particle matrix
vhich varies with time and location due toreaction. Thus, the continuity equation
for the two gaseous species gives:
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The effective diffusivities (De,') can be related to the Chapman-Enskog diffusivity
(DH2/cH,) and the Knudsen diffusivity into the micropores (Dy), (14), by

Cl, 112
De,j = ( 012 + Dk) [ 6)

Weight (m).loss and increase of surface area (S,) and porosity (¢) of the particle
occur because of the first reaction, la, and, thus, they can be correlated with the
conversion to methane (Xcy,)
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Relation 6, between bulk (p,) and true (py) particle density, is valid for non-
swelling .or -shrinking partigles of constant size. For moderate conversions, the
surface area may be assumed to vary linearly with porosity (15)

S =5 ¢ 10)
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This system of non - linear partial differential .equations was converted to a
system of dimensionless non-linear.algebraic equations by the explicit finite differ-
ence method. Equation 2-4 and 6-10 were solved iteratively, using the Brown.techni-
que- (16) and the appropriate boundary conditions forCex, €, CHE below. Solution of

h

Eq. 5, vith the pertinent B.C. for C[;H4 below, gives the methane distribution in
the particle.
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All char carbon (Cpx) is considered reactive, as indicated by.its.complete conver-
sion in high pressure experiments. Since hydrogasification occurs after initial
rapid hydropyrolysis (17), some hydrogen profile is expected within the particle
matrix. Thus, insteadof the conventional boundary conditions for hydrogen, a simple
linear initial profile has been assumed and tested

T
At t=0and0Ogrg L, CH2= —g CHZ,S 12)

A linear, or perhaps aparabolic, hydrogen profile should be more realistic, since
hydrogen has penetrated into the pores during the first stage. Alternatively, a
uniform zero hydrogen concentration may be assumed (Cy, =0 at t =0, rgry), or even
a uniform concentration equal to the bulk one (Cyy=Cyy g at t=0, rgry).
Parameter values were obtained either experimenta}iy or from the 1literature,
Values of k9, E}, Sor €y and p; were measured at 800 - 9509C, wvhile k9 and E, are
values

experimenta reported in reference (18). The following values were used
E, = 35600 cal/mol s800 = 355 m2/g €800 00,17
E, = 28600 cal/mol s850 = 388 m2/q €850 = 0.175
k9 @ 1.7%1076 n’%/mol-min $900 5 395 m2/g e300 = 0,18
kS @ 3.77x10-7 m/min s§50 = 410 m2/g €250 - 0.19

py @ l.42 gr/cm3

EXPERIMENTAL

Lignite hydrogasification experiments, to obtain kinetic parameters and macro-
scopic, global. properties, were performed in a TGA (DuPont 99) system and in an
isothermal, tubular reactor (17, 19). Products.vere continuously analyzed by GC
and IR. Pore structure,porosity, density and surface area of lignite chars, at
various times and temperatures, were characterized by multipoint BET, helium pycno-
metry, (O and Ny adsorption (20).
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RESULTS AND DISCUSSION

The model formulated above has been solved using a simple, linear profile for
the initial concentration of hydrogen within the particle. Solution has been .obtai-
ned at eleven radial positions for a time period of 30 min.using a.time increment
of one minute. The results permit estimation of non-measurable quantities, such
as the temporal-radial distributionof (a) hydrogen, methane and coke cencentration;
(b) porosity and surface area; and (c) local rates of methane and coke formation,
under various reaction conditions. Integration of predicted results over the whole
particle yields global properties, such as particle weight loss, methane yield and
rate of formation, total porosity and surface area.

Comparison of predicted and measured macroscopic properties should establish
first the adequacy of the model to describe the chemical and physical processes.
Figure 1 shows calculated and experimental values of carbon conversion to methane
at various times and temperatures. In most cases,.agreement is good. Some deviation
of experimental data, especially at high temperatures, may arise from a number of
reasons, e.g, different initial hydrogen profile, slightly higher order in Hp for
reaction la, or higher k9 and E, values than those obtained fromthe literature for
the crosslinking and carbon stabilization reaction.

Similarly, the predicted development of total particle surface.area andporosity
is ingood agreement with the measured physical properties up to 30-40 min, Figures
2 and 3. One should note, here, that Equations 7 - 10 of the model assume a linear
growth of surface area and poroesity, directly proportional to carbon conversion to
methane. Pore blockage, because of carbon stabilization and .crosslinking, is not
currently considered in. the model. This phenomenon may explain the decline of Sg
and € at prolonged times,

After the above macroscopic comparison of model and experimental results, a
microscopic.examination should .unravel the transformations that a lignite particle
undergoes during hydrogasification. Figure 4 shows the anticipated hydrogen con-
centration profile inthe particle, atvarious times, If the initial (t=0) hydrogen
concentration is.assumed to vary linearly with radius, CHZ in the pores increases
vith time; however, it always remains less than the bulk one, because of partial
consumption of Hy to form methane and counter-diffusion of the. product. The hydro-
gen concentration in the pores is also expected to increase (albeit somevhat slower)
in the case of uniform, zero CHZ initially. « If at t=0vCHz=CH2,Sv hydragen diffuses
into the pores faster than it reacts and its concentration remains constant with time.

Methane is produced by reaction of active carbon with Hg and diffuses out of the
gasifying particle. Its concentration distributien radially can be predicted by
this model, as shown in Figure 5. At the outer layers of the particle, the high
local CHp results in high carbon-to-CH, conversion and, thus, methane concentration
increases. The decline of CHy at the surface (r=ry) is caused by the assumption
that methane is so diluted in the bulk stream that itsbulk and surface concentration
is virtually zero., Methane concentration in the particle increases with time because
of Cy, increase, cf. Fig. 4.

Carbon consumption to form gaseous methane should increase the number and size of
pores within the particle, dependent .on rate., If the "specific surface area", Sg,
is used as an approximate, lumped measure of pore structure development, a surface
area radial distribution canbepredicted, Figure 6. This area increases, from the
center of the particle outwards, because of the higher H; concentration and rate
in the outer shells. Since Cy, increases with time. within the particle, S_ also
increases, to a substantial di?ference of ~ 50 m“/g between surface and cenfer at
30 min reaction time. A similar trend is predicted for the local "porosity", e,
radially vith time.

The calculated local values of CHy, Sq,. € permit estimation of the local reaction
rate for methane formation at any. time, Figure 7., Rate increases outwards, following
a trend analogous to Cy, and Sy, Around the center of the particle, CH2 increase
vith time results in significant .increase of Rgygy. after 30 min., Near the surface,
Reyy, is affected by the surface area increase (c?. Fig. 6), since CHj there changes
little (Fig. 4).

Figure 7 and Equation 2 indicate that hydrogasification is sensitive ta Hz
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partial pressure. Thus, recycle of the reactant stream without prior separation.of
product could affect rates in the pores significantly. Figure 8 shows a drastic
decrease of methane formation rate within a gasifying particle, at 5 min., With
PCHy = PHp =1 = 1 in the bulk stream, rates . drop to almost zero for r < 0.5 rq,
and” to less than 15 % of that for . pure Hy, at r,. Integration of these curves
with location and time show that carbon conversion to methane at 900°C should drop
from ~6% in pure Hp to ~1% at PHp =0.5 atm.

The model described here takes into account a realistic, two path reaction
scheme for hydrogasification, with simultaneous variation of the pore structure
properties of the gasifying char particle. Porosity and surface area donot develop
uniformly, within the particle, with time and this .affects hydrogen penetration,
methane counter-diffusion and, thus, the microscopic and global rate of gasifica -
tion, The model predicts succesfully experimental macroscopic quantities, up to
30-40 min of gasification. Beyond thistime, carbon stabilization and pore blockage
may cause some deviation. The use of the model can be easily extended to noncaking
coals other than lignite and to other gasification media such as C02 or steam.
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LIST QF SYMBOLS

C* Active carbon concentration (mol/m3).

CeHy Intraparticle methane concentration (mol/m3).

CHZ Intraparticle hydrogen .concentration. (mol/m3).

CHa,s Bulk hydrogen concentration (mol/m3).

De, j Effective diffusivity of species j (H2 or CH4) (m2/s).

D12 Chapman-Enskog diffusivity (m2/s).

Dy Knudsen diffusivity (mz/sg.

Eyy E9 Activation energies of methane and coke formation (cal/mol).

€ Porosity of particle.

I Binary diffusivity coefficient (0.25 for De,H2 and -0.5 for Dg CHa)-
7, kg Rate constants of methane and coke formation. !
m Particle mass (g).

°p Bulk density of pagticle (g/cm3).

Pt True density (g/cm?).

T Particle radial coordinate (p).

Ty Particle radius (p).

Universal gas constant (1,987 cal/mol K).
RCHy (r,t) Rate of methane formation (mol/m3 min),
Reoke (Tst) Rate of coking reaction {mol/m3 min).

g Specific surface area (m%/q).
T Temperature (K).
t Time (min).
XCHy Methane conversion.
Subscripts
o Initial values at t =0,
s Bulk stream and particle surface property.
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Figure 1, Comparison of model-predicted (dashed) and. experimental

values for the conversion

of char carbon to methane.

Points and

solid lines are experimental data for hydrogasification.

550 gs500C,”
/
N 7
/
Ve
/
s00- e
~—~ /
g d
g L7 9o0oC
E , -
U‘ 450 — , 4 . -
v 7/ o - a
- , - 8500C _ -
:5 // - - a . -
-4 LY -0 -
< 400, .~ _--Z&
W is P
Q l.g
<
L 800°C _ -
g | o _Z=
a I PR e
3508°
0 | | ]
0 10 20 30 40
TIME (min)

Figure 2, Calculated total surface area (dashed lines) and
experimental data (points), compared at various conditions.
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Figure 3, Porosity development of a lignite particle as measured
experimentally (points) and predicted by the model (dashed limes).
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Figure 4, Hydrogen concentration profile with time
in a gasifying lignite particle at 900°C (r,=100u).
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Figure 6. Surface area distribution with time, within
a gasifying lignite particle at 900° C (r0 = 100p).

184

.
)
N
!



100
] o
~
.E -
-~ e
" ~7 ez
£ ~" 2
~ 4
S sof. L L e
E clo
A ’/ ’/////
3O min __ ———" o
s simh PR
5 - ///
o 15 T 7
o] Sl -~
) —
s =27
P -~
b - ~
-—l’/ -
n | ! | |
g 0.2 0.4 g.¢ 0.8 1.6
r/r,

Figure 7. Radial distribution of methane formation
with time ina lignite particle at 900°C (r, =100u).
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Figure 8. Effect of H2 partial pressure on the radial
distribution of methane formation, at 900°C and 5 min,
(rg = 100 y), '
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